and are important regulators of smooth muscle membrane potential in response to depolarizing stimuli. 2) Ca2+-activated K+ (Kc,) channels respond to changes in intracellular Ca2+ to regulate membrane potential and play an important role in the control of myogenic tone in small arteries. 3) Inward rectifier K+ (K& channels regulate membrane potential in smooth muscle cells from several types of resistance arteries and may be responsible for external KS-induced dilations. 4) ATP-sensitive K+ (K ATr) channels respond to changes in cellular metabolism and are targets of a variety of vasodilating stimuli.
The main conclusions of this review are: 1) regulation of arterial smooth muscle membrane potential through activation or inhibition of K+ channel activity provides an important mechanism to dilate or constrict arteries; 2) KV, &a, KIR, and K ATp channels serve unique functions in the regulation of arterial smooth muscle membrane potential; and 3) K+ channels integrate a variety of vasoactive signals to dilate or constrict arteries through regulation of the membrane potential in arterial smooth muscle.
voltage-dependent potassium channels; calcium-dependent potassium channels; inward rectifier potassium channels; adenosine Y-triphosphatesensitive potassium channels; hypertension; hypotension; potassium channel openers; sulfonylurea; glibenclamide; iberiotoxin; tetraethylammonium; septic shock; nitric oxide; protein kinase A; guanosine 3',5'-cyclic monophosphate-dependent protein kinase; reactive hyperemia; diabetes SMALL ARTERIES EXIST in a partially contracted state from which they can constrict further or dilate depending on demand for blood. A significant portion of this arterial tone is caused by tra .nsm .ural pressure and has been termed myogen ic tone (8) . Smooth muscle ton .e in small arteries and arterioles of the microcirculation (resistance vessels) is an important determinant of peripheral vascular resistance and blood pressure. The membrane potential of arterial smooth muscle cells, which is regulated by K+ channels, is an important regulator of arterial tone and hence arterial diameter. The opening of K+ channels in the cell membrane of smooth muscle cells in arteries increases K+ efflux, which causes membrane potential hyperpolarization (see Figs. 1 and 3A) . This closes voltage-dependent Ca2+ channels, decreasing Ca2+ entry, which leads to vasodilation (Fig. 1) . A number of endogenous vasodilators [e.g., calcitonin gene-related peptide (CGRP) and adenosine] act in part through activation of K+ channels. Excessive activation of K+ channels may be involved in hypotension during endotoxic shock (100). Inhibition of K+ channels, which causes membrane potential depolarization, leads to vasoconstriction (see Figs. 1 and 3B) . A common feature of vasoconstrictors is that they cause membrane potential depolarization. Inhibition of K+ channels may contribute to vasoconstrictor-induced membrane depolarization and the subsequent vasoconstriction. Defects in K+ channel function may lead to vasoconstriction or vasospasm as well as compromise the ability of an artery to dilate. Thus alteration in smooth muscle K+ channel function may be involved in pathological conditions of the vasculature such as vasospasm, hypertension, ischemia, hypotension during endotoxic shock, and changed vascular reactivity during diabetes.
Four distinct types of K+ channels have been identified in arterial smooth muscle: 1) voltage-dependent K+ C800 (Kv) channels, 2) Ca2+ -activated K+ (Kc,) channels, 3) inward rectifier K+ (K& channels, and 4) ATP-sensitive K+ (K& channels (Fig. 2 ). This review examines the properties and roles of Kv, &,, KIR, and KATP channels in arterial smooth muscle. The emphasis of the review is to integrate information of channel properties with their functional responses, to develop a picture of the physiological roles of the different types of K+ channels. K+ channels regulate arterial smooth muscle function through controlling membrane potential (Fig. 1) . Therefore, as background, the membrane potential and its relationship to smooth muscle function is discussed. Furthermore, as background, the relationship between the elementary properties of K+ channels and whole cell K+ fluxes and membrane potential is discussed. In each section on the different types of K+ channels, unresolved issues are addressed. In general, little is known about the precise molecular structures of the K+ channels in 4-A Fig. 2 . Four types of K+ channels in arterial smooth muscle. Kv channel, voltage-dependent K+ channel; &, channel, Ca2+-activated K+ channel; KIR channel, inward rectifier K+ channel; KATP channel, ATP-sensitive K+ channel; IbTx, iberiotoxin; ChTx, charybdotoxin; TEA, tetraethylammonium;
4-AP, 4-aminopyridine.
smooth muscle, and our knowledge on key signal transduction pathways that regulate arterial smooth muscle K+ channels is incomplete. Furthermore, as indicated in the review, the modulation and expression of ion channels varies with vascular bed and between larger arteries and resistance arteries. Studies on K+ channels in other types of smooth muscle (nonvascular, cultured smooth muscle, veins) are not discussed unless similar material from arterial smooth muscle is limited.
METHODS

TO MEASURE K+ CHANNELS IN ARTERIAL SMOOTH MUSCLE
Our knowledge of K+ channels in arterial smooth muscle has increased significantly over the last 10 years, due largely to two technical advances: 1) improved techniques to isolate single smooth muscle cells from arteries and, in particular, small arteries (e.g., Refs 3, A and B, and SC) (44) have enabled several groups to investigate the role of K+ channels in the control of membrane potential and arterial diameter in small blood vessels. To understand fully the role of K+ channels in the regulation of peripheral resistance, it is important to focus on these channels in resistance arteries.
REGULATION OF ARTERIAL TONE BY MEMBRANE POTENTIAL
A prerequisite to understanding the role of K+ channels in arterial smooth muscle is knowledge of the physiological range of membrane potentials exhibited by resistance arteries that have tone. Smooth muscle cells in arteries and arterioles, in vitro, have stable membrane potentials between -40 and -60 mV when subjected to normal levels of intravascular pressure (29, 59, 60, 130) . Membrane potentials measured in vivo are in the range of -40 to -55 mV (64, 127, 130 brane conductance, since the membrane potential is considerably more positive than the EK (about -85 mV). The membrane potential of arterial smooth muscle may be positive to EK because the Cl-conductance is relatively high (64). The Cl-equilibrium potential is about -31 mV (64).
The membrane potential of smooth muscle cells in the arterial wall appears to be an important regulator of vascular tone. The relationship between smooth muscle membrane potential and arterial tone is very steep, so that even membrane potential changes of a few millivolts cause significant changes in blood vessel diameter (29, 130, 131) . M em b rane potential changes would then act in concert with other mechanisms (e.g., changes in Ca2+ sensitivity of the contractile process, Ca2+ release from the sarcoplasmic reticulum) to alter blood vessel diameter.
Membrane potential of smooth muscle primarily regulates muscle contractility through alterations in Ca2+ influx through voltage-dependent Ca2+ channels ( Fig. 1) (130). Memb rane potential could also regulate Ca2+ entry through Na2+ /Ca2+ exchange (130) as well as affect intracellular Ca2+ release through the voltage dependence of inositol trisphosphate production (50, 75) . The relationship between Ca2+ influx through voltage-dependent Ca2+ channels and membrane potential can be very steep, with 3-mV depolarization or hyperpolarization increasing or decreasing Ca2+ influx as much as twofold (130, 131) . Any physiological or pharmacological agent that alters membrane potential should cause a significant change in blood vessel diameter. Thus it is not surprising that membrane hyperpolarization through activation of K+ channels is a powerful mechanism to lower blood pressure through vasodilation (Fig. 3A) . For example, the KATP channel opener, cromakalim, hyperpolarized a pressurized (to 80 mmHg) middle cerebral artery by 15 mV and caused 160 pm of dilation (Fig. 3A) . Furthermore, inhibition of K+ channels can cause vasoconstriction through membrane depolarization (Fig. 3B ). The Kc, channel blocker, charybdotoxin, depolarized a pressurized (75 mmHg) middle cerebral artery by 7 mV and constricted it by 45 pm ( Fig. 3B) through an open channel,2 and P, is the open-state probability of a K+ channel (or the fraction of time the channel permits K + to permeate). The patch-clamp technique permits one to measure whole cell K+ currents as well as single-channel properties. In arterial smooth muscle cells that contain Kv, Kc,, KIR, and KATP channels, the estimates of channel number per cell range from -100-500 per cell for KATP and KiR channels to l,OOO-10,000 Kv and Kc, channels per cell. The surface area of arterial smooth muscle cells is typically in the range of 1,200-2,500 km2 (based on capacitance measurements, e.g., see Refs. 147, 156) . K+ efflux through a single K+ channel or the single-channel current, i, increases with membrane potential depolarization over the physiological range of membrane potentials (a hypothetical example is shown in Fig. 4A ). In this illustration, single-channel current was 0.17 pA at -40 mV (0.07 pA at -60 mV), which would be consistent with the unitary current of the Kv channel of 0.5 pA at 0 mV (156, 179) . If the P, of the K+ channel did not change with membrane potential (e.g., as is the case for the KATP channel, see Fig. 9F ), then the relationship between whole cell current (I) and voltage would have the same form as the single-channel current-voltage relationship and would be scaled by the number of channels and the P,. If P, of the channel exhibited voltage-dependent activation and inactivation, as is the case with the Kv channel, then steady-state P, would increase steeply with membrane depolarization until steady-state inactivation becomes significant (a hypothetical example is illustrated in Fig. 4B ; see also Fig. 50 , which is based on data from arterial smooth muscle cells). In this example, steady-state P, at -60 and -40 mV would be 0.003 and 0.015. The whole cell currentvoltage relationship can then be estimated for this example (assuming 1,000 channels/cell), using the above 2 Single channel currents, i, are measured in pA, where 1 pA corresponds to a flux of K+ of -6,000,OOO ions/s. equation (Fig. 4C) . Thus, for this example, which approximates the properties of Kv channels in arterial smooth muscle, the steady-state whole cell current at -60 and -40 mV would be 0.2 and 2.5 PA, respectively. As illustrated in the example in Fig. 4 (and discussed throughout this review), K+ channels in smooth muscle cells in intact arteries at physiological membrane potentials ( -60 to -40 mV> have very low levels of activity (or P,), and small changes in this activity can have a profound effect on membrane potential and ultimately on arterial diameter. Very few K+ channels need to be open to contribute to a cell's membrane conductance, since the resting input resistance of arterial smooth muscle cells is high, in the order of 5-15 Ga (e.g., Refs. 32, 39, 52, 150, 167) . This is illustrated by a calculation based on a simple parallel conductance model (see Refs. 22, 130) , assuming that the membrane potential <V,> results from two parallel conductance pathways: a K+-selective conductance (Gx), representing the various K+ channels, and a leakage pathway (GL), approximating Cl-, Na+, and Ca2+ conductances, with a reversal potential of 0 mV. Vm is then given by
where & is -85 mV (64). To provide an example of the regulation of arterial smooth muscle membrane potential by a small number of K+ channels, the input resistance of a cell is assumed to be 10 Gfl, corresponding to a conductance of 100 pS, and a resting potential of -60 mV, and Gx would be -70 pS. With the use of the example from Fig. 4 , the slope conductance of the Kv channels at -60 mV would be -25 pS, and, from the data in Fig. 9F hyperpolarize the cell membrane by 3 mV, which could have a significant impact on Ca2+ entry (130,149).
Kv CHANNELS
Kv channels open when the membrane potential of the cell is depolarized (63). K+ efflux through Kv channels increases with depolarization through this voltagedependent activation or increase in P, (e.g., see Fig. 4B ) and also because depolarization increases the electrochemical driving force for K+ efflux from the cell (e.g., see Figs. 4A and 9F) . Kv channels are important in the repolarization phase of the action potential in many excitable cells (see Ref. 63 ). However, many arterial smooth muscle cells do not generate action potentials, responding to stimulation with graded membrane potential changes, and, as discussed below, Kv channels probably act mainly to limit membrane depolarization in these arteries (64, 65) .
Several families of Kv channels have been identified, and some of these are expressed in vascular smooth muscle (e.g., Refs. 78, 144, 153, 154) . The basic structure of Kv channels appears well conserved between different families, and considerable progress has been made in recent years in relating the primary structure of the molecule, as deduced from molecular cloning, to channel properties (for recent reviews see Refs. 78, 144) . Each channel is probably composed of four subunits (78, 144) . Each subunit has six regions of hydrophobic amino acids (Sl-S6), which are thought to form membranespanning domains, and these hydrophobic regions are linked by sequences of hydrophilic amino acids, which are exposed to the intracellular or extracellular space (see Fig. 5A ). Each subunit also has a cytoplasmic amino-and carboxy-terminal domain. One of the membrane-spanning domains in each subunit (the S4 region) is charged, having a basic amino acid (lysine or arginine) every third residue, and this S4 region is thought to be an important component of the channel voltage sensor. The permeation pathway is formed, in part, by the region linking the S5 and S6 transmembrane sequences, and this is called the H5 or pore region ( Fig. 5A ; see Refs. 78, 144) . Voltage-gated Na+ and Ca2+ channels are thought to have a basic architecture similar to Kv channels, comprising four groups of six transmembrane domains, each group containing a region equivalent to S4 and H5, although, unlike Kv channels, each Ca2+ or Na+ channel is a single molecule rather than an aggregation of four subunits (78, 144).
Kv CI3ANNELS IN ARTERIAL SMOOTH MUSCLE
All vascular smooth muscle cells investigated have at least one KS current that is activated by membrane depolarization (11, 12, 26, 32, 52, 65, 68, 74, 102, 136, 142, 167, 178, 179, 182, 185) . Kv channels have been identified in single smooth muscle cells from the coronary, cerebral, renal, mesenteric, and pulmonary vascular beds (25, 32, 52, 65, 74, 102, 167, 178, 179, 182) . Indeed, multiple components of current have been identified in many studies, and Kv channels in vascular smooth muscle have being subclassified on the basis of voltage dependence and pharmacology (12, 32, 68, 167, 182) . Different members of the Kv channel family have also been called "delayed rectifier" and "transient outward currents."
Single Kv Channels Different single-channel conductances have been reported for Kv channels in vascular smooth muscle. Kv channels activate in response to membrane depolarization. Many Kv channels, including those in arterial smooth muscle, also undergo inactivation after membrane depolarization. Because the inactivation process is slower than the activation process, membrane current through Kv channels recorded in response to a depolarizing voltage step increases to a peak over time, due to voltage-dependent activation, and then decays, due to voltage-dependent inactivation (see Fig. 5B ). In the steady state, current through Kv channels depends on the balance between channel activation and inactivation processes.
INVITED REVIEW C805
The sensitivity of Kv channels to membrane potential is central to their physiological role. As the membrane potential is depolarized, Kv channels open, and this acts to limit further membrane depolarization (see below). The voltage dependence of channel activation and inactivation processes are described by a Boltzmann relationship, which relates the probability that a channel is active, or that it is inactivated, to the membrane potential (Fig. 5C) . The relationship between activation and membrane potential increases exponentially with voltage until a limiting value is reached. The probability that a channel is activated (P,J at a given membrane potential (V,) is given by 1 1 + expKVo.5 -Vm>lkl where V& is the membrane potential at which activation is one-half the maximum, and k is a slope factor that indicates the sensitivity of channel activation to changes in membrane potential. Activation curves for Kv channels in coronary and cerebral arterial smooth muscle cells have slope factors of 9 and 11 mV, respectively, with the midpoint of the activation curve at -6 and -9 mV (Fig. 5C and Refs. 156, 178) . The voltage dependence of channel inactivation is expressed by plotting the availability of channels to open [equal to L.1 P (the probability that channels are inactivated)$igainst the membrane potential ( Fig. 5C ). Steady-state channel availability decreases with depolarization, due to voltage-dependent inactivation (Fig. 5C and Refs. 12, 155, 167, 178) . Channel availability is also steeply voltage dependent, with steepness factors typically in the range of 5 to 11 mV and midpoints of inactivation in the range of -25 to -45 mV (Fig. 5C and Refs. 12, 156, 167, 178) .
The probability that a Kv channel is open in the steady state (PO) is given by the product of the probability that channels are activated (P,,,) and the probability that channels are not inactivated (1 -Pinact). With the use of the activation and availability curves from arterial smooth muscle Kv channels (Fig. 5C and Refs. 156, 167, 178) , we plotted the calculated voltage dependence of steady-state PO in Fig. 50 . Steady-state P, increases steeply with membrane depolarization negative to -30 mV (see also Fig. 4B ). These results suggest that a steady-state current through Kv channels should be measurable in the physiological range of membrane potentials (see Fig. 4C ). Indeed, steady-state 4-aminopyridine (4-AP)-sensitive K+ currents were measured (2.5 pA at -40 mV) in myocytes from rabbit cerebral arteries Several lines of evidence support the idea that there is more than one type of Kv channel expressed in vascular smooth muscle cells. These include differences in the voltage dependence of channel activation and inactivation, differences in sensitivity to inhibitors, and differences in single-channel conductances. For example, a transient current, which activates and inactivates faster than most Kv channels in vascular smooth muscle, has been reported in rabbit pulmonary artery and portal vein (11, 32) . In both tissues this current may coexist with a Kv channel with slower voltage-dependent activation and inactivation, as discussed above (11, 32, 136) . The transient current also inactivates at more negative membrane potentials, with a V. 5 of -76.8 and -49 mV in portal vein and pulmonary artery, respectively (11, 32) Pharmacological evidence has also been provided for the existence of multiple components of Kv current. 4-AP inhibits only a portion of Kv current in many cells, and increasing 4-AP concentration above a certain level gives no further inhibition; there may therefore be a 4-AP-insensitive Kv current present in some vascular smooth muscle cells (e.g., Refs. 156, 167; see also Refs. 12, 136) . Also, 4-AP and other blockers preferentially inhibit a rapidly inactivating component of current, which may indicate that channels with different pharmacological sensitivities underlie transient and sustained components (142). However, the mechanism of action of 4-AP is complex, making the interpretation of results more difficult. For example, inhibition of Kv is greater at more negative membrane potentials (136, 156) .
It has recently been shown that one member of the Kv channel family, Kv1.5, is expressed in vascular smooth muscle cells (138, 153, 154) . When expressed inxenopus oocytes, the channel activated on depolarization, with a midpoint of the inactivation curve at -21 mV and a steepness factor of 7 (138). The current was inhibited by 4=AP, with one-half inhibition at a concentration of 211 FM (138). Single Kv1.5 channels had a slope conductance of 8.3 pS in symmetrical 140 mM K+ (138). Although the corresponding native channel is not known, the single-channel conductance and voltage dependence of Kv1.5 channels are similar to that of Kv channels in cerebral and coronary arteries ( 156, 178, 179) .
P-COLOGY
Inhibitors are invaluable for studying the properties and functional role of ion channels. 4-AP is perhaps the most selective known inhibitor of Kv channels in vascular smooth muscle (Table 1) (12, 52, 74, 136, 142, 156, 167, 178) . For this reason, 4-AP has been used to separate Kv currents from Kc, currents, which are also activated by membrane depolarization (12, 52, 74, 156, 167) . The concentration dependence of channel inhibition is consistent with a stoichiometry of one, with a one-half inhibition constant (Ki) of 0.3 mM in rabbit pulmonary artery at + 10 mV (136), N 1.1 mM in human mesenteric artery at +60 mV (167), and 0.7 mM in canine renal artery at +10 mV (52). 4-AP does not inhibit Kc, or KIR channels in this concentration range but may inhibit K ATp currents (Table 1) Glibenclamide, an inhibitor of ATP-sensitive K+ channels, inhibits Kv channels in rabbit portal vein (14). However, the Ki in portal vein of -100 PM is at least l,OOO-fold greater than required to inhibit KATr channels (see Table 1 ).
PHYSIOLOGICAL ROLES OF Kv CHANNELS
Repolarization of the Action Potential
Despite the wide distribution of Kv channels, relatively few studies have been conducted on the physiological role of this channel in arterial smooth muscle. Because the channel is activated by depolarization, it may be involved in action potential repolarization in electrically excitable smooth muscle preparations such as the portal vein, and this is a principal function of the channel in other excitable cells, including neurons and cardiac muscle (12, 63) . However, as discussed in REGULATION OF ARTERIAL TONE BY MEMBRANE POTENTIAL, most arteries generally respond to stimuli with graded membrane potential changes, and therefore Kv channels are unlikely to be involved in action potential repolarization in these arteries.
Regulation of the Membrane Potential
Kv channels provide an important K+ conductance in the physiological membrane potential range in arteries that do not generate action potentials (48, 65, 102, 136, 156, 167, 178) . Activation of Kv channels by membrane depolarization, e.g., in response to pressurization or vasoconstrictors, may limit membrane depolarization (Fig. 6 and Ref. 89) . Indeed, inhibition of Kv channels by 4-AP depolarizes and constricts many arteries (58, 89). Kv channels may also be directly modulated by vasoconstrictors and vasodilators, and a 4-AP-sensitive K+ current is inhibited by a histamine Hi receptor agonist in coronary arteries (74). It was suggested that inhibition of the 4-AP-sensitive current occurred as a result of increased intracellular Ca2+ concentration through intracellular Ca2+ release (74). A related observation is that intracellular Mg2+ (10 mM) inhibits Kv currents positive to -15 mV in arterial smooth muscle cells (53).
Hypoxic Pulmonary Vasoconstriction
Pulmonary arteries constrict in hypoxia, which minimizes blood perfusion in poorly ventilated areas of the lung (18). This hypoxic vasoconstriction contrasts with the hypoxic vasodilation seen in many small systemic arteries and which may involve an activation of KATP channels. During hypoxia, pulmonary arteries depolarize and may generate action potentials (18, 61). The resulting pulmonary vasoconstriction is abolished by removal of extracellular Ca2+ and by Ca2+ channel antagonists such as verapamil, suggesting that Ca2+ entry through voltage-dependent Ca2+ channels is important in the hypoxic response (61, 114, 186) .
Recent studies suggest a role for K+ channels in hypoxia-induced membrane depolarization and constriction (2, 62, 145, 168, 186) .
K+ channel inhibitors such as TEA+ and 4-AP increase tone in isolated pulmonary vessels and increase perfusion pressure in the isolated perfused lung (62, 145). Thus K+ channels contribute to the membrane potential in pulmonary arteries as they do in systemic arteries (62, 145) . Because K+ channels regulate the membrane potential of pulmonary smooth muscle, hypoxia may depolarize by inhibiting K+ channels, and it has recently been directly shown that hypoxia inhibits voltage-activated K+ currents in these arteries (145, 186) . The voltage dependence of the hypoxia-sensitive channel suggests that it is a member of the Kv or Kc, families (145, 186) . A number of mechanisms have been proposed to link hypoxia to channel inhibition. Kc, channels in rat pulmonary arterial myocytes are activated by intracellular ATP (155). Therefore a fall in intracellular ATP during hypoxia may inhibit this channel (155). However, the ATP concentration in smooth muscle cells is generally well conserved during hypoxia. Cellular redox status has also been proposed as the link between hypoxia and K+ channel activity, and an increase in cellular reducing 
UNRESOLVED ISSUES
Kv currents in vascular smooth muscle cells have diverse properties. The significance of multiple components of Kv current within a given artery or of the differential distribution of components of current within or between different vascular beds is unknown. A more precise understanding of the properties and distribution of individual Kv channels is likely to illuminate their physiological role and remains an important goal for future research. Such an understanding will presumably come from a combination of both electrophysiological and molecular approaches. Inhibition of Kv channels may also be involved in hypoxia and vasoconstrictorinduced membrane depolarization. Investigation of the modulation of Kv channels by vasodilators and vasoconstrictors will also be an important area of future investigation.
Ga CHANNELS
Large conductance K+ channels that are activated by intracellular Ca2+ and membrane depolarization have been found in virtually every type of smooth muscle (128). These K+ channels permit K+ to pass readily through them and thus have often been called "big" Kc, channels or "maxi" Kc, channels (see Figs. 2 and 7) . Kc, channels have single-channel conductances of -250 pS in symmetrical K+. The fraction of time that a Kc, channel spends in an ion-conducting state or its openstate probability (P,) increases with membrane depolarization (2.7-fold increase per 12-14 mV depolarization) (16, 101). Elevations of intracellular Ca2+ through the physiological range also cause substantial increases in P, (Fig. 7) . Thus Kc, channels should be activated by the membrane depolarization and elevation in intracellular Ca2+ that occurs during vasoconstriction (Fig. 6) .
Kc, channels have been cloned from the DrosophiZa slowpoke locus (7) and, more recently, a mammalian homologue (msZo) has been identified in mouse brain and skeletal muscle (1, 30). Kc, channels have the six hydrophobic segments (Sl-S6) of Kv channels that are thought to span the membrane, form the pore, and to contain the voltage sensor (S4; Fig. 5A ). In addition, Kc, channels have four conserved segments (S7-SlO) that may be involved in intracellular Ca2+ sensing. The single mammalian gene generates many variant Kc, channel peptides, which may explain the variation of Ca2+ sensitivity and conductances of single Kc, channels from coronary arteries and portal vein (72,175).
PHARMACOLOGY
OF Ga CHANNELS Agents that either activate or block K+ channels are both useful tools for exploring the role of a particular K+ channel and are potentially important therapeutic agents. Kc, channels are blocked by external TEA+ (concentration for half-block Ki, -200 PM), charybdotoxin (Ki, 10 nM), and iberiotoxin (Ki < 10 nM; see Table 1 and Figs. 2 and 7) (29, 55, 101, 119) . Although charybdotoxin, a peptide produced by the scorpion Leirus quinquestriatus, has been shown to block some other types of K+ channels in other tissues, this peptide appears to be selective for Kc, channels in arterial smooth muscle. Iberiotoxin from the venom of the scorpion Buthus tamzdus also blocks Kc, channels in arterial smooth muscle and is thought to be highly selective for Kc, channels. Kc, channels are not inhibited by apamin, which blocks low-conductance Kc, channels in other tissues (20) This tone has been referred to as "myogenic tone" and is a major contributor to peripheral resistance. Kca channels play an important role in the control of myogenic tone. It has been proposed that pressureinduced membrane depolarization and increases in intracellular Ca2 + activate Kc, channels (Fig. 6) (29, 128) . Activation of Kc, channels would increase K+ efflux, which would counteract the depolarization and constriction caused by pressure and vasoconstrictors (Fig. 6 ). This mechanism would predict that blockers of Kc, channels should depolarize and constrict arteries with tone. This is, indeed, the case, in that TEA+, charybdotoxin, and iberiotoxin depolarized and constricted myogenie cerebral and coronary arteries (29). TEA+ (10 mM) also has been shown to constrict pressurized rat saphenous arteries, suggesting a role of Kc, channels in this preparation (17). Lowering intravascular pressure or blocking Ca 2+ channels, which would decrease intracellular Ca2+ and thus decrease active tone, as predicted from the scheme in Fig. 6, greatly attenuated Activation of Kc, channels would tend to hyperpolarize smooth muscle and lead to muscle relaxation. P-Adrenergic stimulation activates Kc, channels in airway smooth muscle cells and thus may contribute to P-adrenergic bronchodilation (99). This activation of Kc, channels in airway and coronary artery smooth muscle cells appears to be caused by phosphorylation mediated by a adenosine 3',5'-cyclic monophosphate (cAMP)-dependent protein kinase as well as a direct G protein pathway (see Fig. 7C ) (97, 99, 160, 163) . Recent evidence indicates that guanosine 3',5'-cyclic monophosphate (cGMP)-dependent protein kinase can also activate Kc, channels in smooth muscle cells isolated from cerebral and coronary arteries (see Fig. 7B and Refs. 157, 173). Nitric oxide can activate cGMP-dependent protein kinase through stimulation of guanylyl cyclase and elevation of cGMP (Fig. 7B) . Furthermore, nitric oxide has also been reported to directly activate Kc, channels in aortic smooth muscle (Fig. 7B) (2 1) . Vasorelaxation of some vascular beds (e.g., mesenteric) in response to nitric oxide appears to involve activation of Kc, channels (38, 
83; see also Ref. 79).
Membrane fatty acids influence the activity of single Kc, channels in pulmonary smooth muscle cells (85). Membrane stretch activates Kc, channels in pulmonary arteries and, as with fatty acids, this effect appears to be direct (i.e., independent of changes in intracellular Ca2+ or of channel phosphorylation) (85).
UNRESOLVED ISSUES
The molecular structure of the Kc, channel in smooth muscle is not known, although, based on functional similarities, it would be expected to be a member of the msZo family. Many important aspects of the signal transduction pathways that modulate Kc, channels remain to be elucidated, including relative importance and regulation of cGMP-dependent protein kinase, CAMP-dependent protein kinase, direct G protein, and direct nitric oxide pathways.
KIR CHANNELS
KIR channels are present in a variety of excitable and nonexcitable cells, including some arterial smooth muscle cells (46, 47, 63, 65, 150) . The name of this channel comes from the observation that when membrane potential is controlled, e.g., by voltage clamp of the cell, inward currents through the KiR channel (movement of K+ from the extracellular solution into the cell) are larger than outward currents. This is because the KIR channel is activated by membrane hyperpolarization, in contrast to Kv and Kc, channels, which are activated by membrane depolarization (Fig. 2) .
Although outward currents through the KiR channel are small, in most physiological situations the cell membrane potential is positive to the Ex, providing an electrochemical gradient for K+ to leave the cell. The KIR channel therefore normally conducts an outward hyperpolarizing membrane current. From a physiological standpoint, these small outward currents are therefore of considerable interest. Outward K+ movement through the cardiac muscle KIR channel is limited by voltagedependent channel closure on membrane depolarization and may also involve block of outward current through the channel by intracellular Mg2+ (Fig. 2) (73, 109) . However, the role of intracellular Mg2+ is complex (171), because channels that are blocked are unable to undergo voltage-dependent closure (73).
A KiR channel was recently cloned from mouse macrophage (referred to as IRKl) (94). A G protein-coupled muscarinic-gated K IR channel (GIRKl) has also been recently cloned from heart (95). The proposed structure of the KiR (IRKl) channel has two membrane-spanning regions (Ref. 94; see Fig. 8A ). In effect, KiR channels lack the transmembrane domains equivalent to Sl to S4, which are present in Kv channels (see Fig. 5A ). The linking region between the two transmembrane domains in the KiR channel probably forms part of the channel pore, having a high degree of sequence homology to the proposed pore region that is well conserved across other K+ channel families (78, 94, 144). It is not currently known how the gene products are organized into channels, e.g., whether the functional channel is a tetramer, as is the case with Kv and Kc, channels.
Km CHANNELS IN ARTERIAL SMOOTH MUSCLE
KIR currents have been identified in cerebral and mesenteric arterioles, and small coronary and cerebral arteries (200 km in diameter) (24, 46, 47, 65, 150 (24, 150) . The KIR channel in arterial smooth muscle, as in other cells, conducts inward current at membrane potentials negative to the Ex and smaller outward currents at membrane potentials positive to Ex (Fig. 8B) (46, 47, 65, 150) . The activity of KiR channels is a function of both membrane potential and of the extracellular K+ concentration (Fig. 8B) 
PHARMACOLOGY
The KIR channel in arterial smooth muscle is very sensitive to inhibition by extracellular Ba2+, with a dissociation constant in the micromolar range (150). Inhibition by Ba2+ is greater at more negative membrane potentials. The dissociation constant for Ba2+ block is an exponential function of membrane potential, decreasing e-fold for a 24-mV hyperpolarization, from 8 PM at -40 mV to 0.6 PM at -100 mV (150). An analysis of the underlying blocking and unblocking rates for Ba2+ inhibition shows that the majority of the voltage dependence of channel block lies in the blocking rate, whereas the unblocking rate is relatively insensitive to membrane potential (150). Extracellular Ba2+ block other K+ channels, but at higher concentrations than required to inhibit the KIR channel (Table 1) , and Ba2+ is therefore a useful tool for investigating the physiological role of this channel (e.g., Refs. 90, 111).
Cs+ also blocks KIR channels in cerebral arteries, although at higher concentrations than Ba2+, with a & of -1.6 mM at -50 mV (24, 150) . Inhibition by Cs+ is also voltage dependent, decreasing e-fold for a 15-mV depolarization. Inhibitors of other K+ channels present in arterial smooth muscle are not effective inhibitors of the KIR current. 4-AP (1 mM) and glibenclamide (10 FM), which block voltage-activated and ATP-sensitive KS channels, respectively, have little effect on the KIR by 10.220.32.247 on July 24, 2017 http://ajpcell.physiology.org/ Downloaded from INVITED REVIEW C811 current in cerebral arteries (150). TEA+ (1 mM) and charybdotoxin (100 nM), which inhibit Kc, channels, also have little effect on the KiR current (Table 1 ) (150).
PHYSIOLOGICAL ROLES OF KIR CHANNELS
The physiological roles of the KiR channel in cells other than smooth muscle include regulating the resting membrane potential, preventing membrane hyperpolarization to values more negative than the Ex by the electrogenic Na+ -K+ -ATPase, and minimizing cellular K+ loss and therefore energy expenditure during sustained membrane depolarization (63). The roles of the KIR channel in arterial smooth muscle are incompletely understood but may include some of the functions detailed below.
Resting Membrane Potential
The KIR channel is more active at negative membrane potentials and is therefore a candidate for regulating the membrane potential of smooth muscle cells in arteries in the absence of extrinsic influences that depolarize (27) or on diameter in rat posterior cerebral arteries pressurized to one-half the mean systolic blood pressure (111). Clearly, factors such as membrane potential, transmural pressure, vasoconstrictors, and vasodilators, as well as possible differences in channel distribution and density, are likely to influence the contribution of the KIR channel to the membrane potential.
K+-Induced Dilations
Blood flow within many organs is linked to metabolic demand. This is thought to result in part from release of vasodilator metabolites from surrounding tissue. Several candidate vasodilators have been proposed, including H+, adenosine, and K+. The role of a given metabolite depends on the vascular bed and the metabolic challenge (e.g., Ref. 70). In the cerebral circulation, an increase in the extracellular K+ concentration in the range of 1-15 mM causes small arteries to dilate (e.g., Refs. 96, 111) . K+ are released as a consequence of neuronal activity and may be one of the factors that increase local cerebral blood flow during increased cerebral activity (96).
[K+], increases during cerebral hypoxia, ischemia, or hypoglycemia from -3 mM to values in excess of 10 mM (e.g., Refs. 165, 169) . Smaller increases in [KS] , also occur during physiological changes in neuronal activity (169). An increase in [K+] , at the arterial wall may be aided by "K+ siphoning" through glial cells (140). Glial end feet, which are in close apposition to the arterial wall, have a higher K+ conductance than other areas of the cell (132). Glial cell depolarization, after an increase in [K+] , during neuronal activity, therefore results in dumping of K+ onto the arterial wall (140). Modeling studies suggest that this may increase both the rate and extent to which [K+] , rises at the arterial wall during neuronal activity (140). Extracellular K+ dilates arteries by at least two mechanisms: activation of the electrogenic Na+ -K+ pump and activation of KIR channels (31, 47, 111) . The role of the KIR channel in K+-induced dilations was first proposed in the cerebral circulation, where several lines of evidence support this hypothesis (47). An increase in [K+] , from 5 to 10 mM hyperpolarizes rat middle cerebral arterioles (47). This hyperpolarization is prevented by Ba2+, which inhibit the KrR channel in this artery (47). An increase in [K+] , in this range also dilates pressurized rat cerebral arteries (90, 111). These dilations are prevented by < 10 PM Ba2+ but not by endothelium removal, inhibitors of other K+ channels, or by a number of receptor antagonists (90, 111). Ba2+ inhibit KIR currents in rat cerebral arteries at a concentration of < 10 PM (24,150), negative to -40 mV (Table  1 and Fig. SC ). These observations are consistent with the hypothesis that K+ dilate cerebral arteries by activating the KIR channel. A similar mechanism for K+-induced dilation has recently been identified in rat and canine coronary arteries (Fig. SC) (90) . An increase in the [K+] , in the l-5 mM range causes a transient dilation of small cerebral arteries (111). This dilation is abolished by ouabain but not by Ba2+, suggesting that over this concentration range K+ dilate arteries by activating the Na+ -K+ pump (3 1, 111).
A hypothetical mechanism for K+-induced dilations is presented in Fig. 80 . Increasing [K+] , from 6 to 15 mM changes the EK from -79.5 to -56.4 mV (assuming the [K+] i is 140 mM). The membrane potential in pressurized arteries, at around -40 to -50 mV, is positive to EK (29, 59, 60, 130) . (Fig. 8B ) (150), consistent with sizes of membrane currents required to regulate arterial smooth muscle membrane potential (see REGULATION OF SMOOTH MUSCLE MEMBRANE POTENTIAL BY K+ CHANNELS). However, these outward currents in isolated cells are too small to examine quantitatively for shifts with external K+. External K+ may be necessary for the KiR channel to open, as suggested by Hirst and Edwards (64) . This is consistent with the observation in cardiac myocytes that removal of [K+] , abolishes both inward and outward currents through the KIR channel (73). In addition, in mesenteric arterioles of the guinea pig, which have KIR channels, decreasing [K+] , from 5 to 1 mM causes an approximately fivefold increase in membrane resistance, which is also consistent with a reduction in K+ conduc- tance (46). Extracellular K+ are necessary for the functioning of some other K+ channels. For example, extracellular K+ are necessary for outward K+ current through the Kv channel, Kvl.4, and this effect has been localized to a single lysine residue present in the extracellular loop between transmembrane segments S5 and S6 of this channel (139).
UNRESOLVED ISSUES
The molecular structure of the smooth muscle KIR channel is not known, although it is likely to be a member of the IRK family. KiR currents have been identified in small cerebral and mesenteric arterioles and in small cerebral and coronary arteries ( < 200 pm diameter) (24, 46, 47, 65, 150) . The KIR channel may therefore be a common feature in the small arteries that determine in large part peripheral vascular resistance. It is not known whether the KIR channel is present exclusively in small arteries, although it has not yet been reported in larger vessels. It will be important to study systematically the distribution of the KiR channel within a vascular bed, as this may have physiological consequences. For example, Edwards et al. (47) have shown that proximal segments of arterioles arising from the middle cerebral artery have larger KiR currents than distal segments. Proximal segments also have more negative membrane potentials, suggesting that the KIR channel is more important in determining the resting membrane potential in these proximal segments (47). Other important issues to be addressed for the K,, channel in arterial smooth muscle include investigating the effect of membrane potential, [K+] ,, and intracellular Mg2+ concentration on channel activity; these physiological variables influence KIR channel activity in other tissues (73, 109) . KIR channels, like Kc, and KATP channels, may also be modulated by important vasoactive substances, and this remains to be determined. KiR channel properties may also be altered in disease; small cerebral arteries from hypertensive rats lose their ability to dilate to external K+ (112). The role of this channel type in disease (e.g., cerebral and cardiac ischemia) will undoubtedly be an important area of future investigation.
KATp CHANNELS K+ channels closed by intracellular ATP [called ATPsensitive or ATP-dependent K+ channels (KATr channels)] were first identified in cardiac muscle (135). Since then, they have been found in skeletal muscle, pancreatic P-cells, and certain types of neurons (5). KATP channels have recently been identified in smooth muscle (128, 129, 130, 170) . Although KIR channels in arterial smooth muscle cells respond to K+ released from adjacent cells, K ATP channels respond to changes in the cellular metabolic state as well as to a number of endogenous vasodilators. KATP channels in different tissues exhibit considerable variation in their singlechannel properties as well as their sensitivity to K+ channel-opening drugs and to the inhibitory action of sulfonylurea drugs such as glibenclamide (also called glyburide) and tolbutamide (Fig. 2) (5) . KATP channels in pancreatic P-cells appear to be the targets of the antidiabetic drugs, glibenclamide and tolbutamide (5). These drugs are thought to increase insulin release by membrane depolarization caused by inhibition of KATr channels in pancreatic P-cells. Glibenclamide appears to be selective for K ATp channels and does not block a variety of other ion channels, including Ca2+ channels, inward rectifying and delayed rectifying K+ channels, and Kc, channels (Table 1) (5, 130). Glibenclamide has also become an important tool in the investigation of the role of KATP channels in cellular function.
The first evidence that KATP channels exist in smooth muscle came from electrophysiological measurements of these channels in smooth muscle (170) and the observation that vasodilating actions of diazoxide, which had been shown to activate KATr channels in pancreatic P-cells (176), were inhibited by glibenclamide (170, 183). Whole cell K ATp channel currents have been measured in single smooth muscle cells from pulmonary arteries (33), coronary arteries (39,184), and mesenteric arteries (147, 158, 166) . Whole cell KATP channel currents have also been measured in the following types of nonarterial smooth muscle: portal vein (13, 14, 80, 134, 141), urinary bladder (22, 23), and gallbladder (187, 188) . In general, whole cell and single-channel studies of KATP channels in smooth muscle have been hampered by the low density of these channels and by channel "rundown" during cell isolation and patch excision. AIthough the structure of the KATP channel in smooth muscle is not known, this channel type has recently been cloned from heart muscle and appears to be a member of the KiR channel family (Fig. 8A ) (6).
KATZ CHANNELS IN ARTERIAL SMOOTH MUSCLE
Single-Channel Conductance
There has been considerable variation in the singlechannel conductances reported for KATP channels in smooth muscle. Single KATP channels have been identified in rat and rabbit mesenteric arteries (170), canine aorta (92), renal artery (105), rat tail artery (49), portal vein (13, 14, SO), cultured coronary artery cells (120, 122, 180) , coronary artery (39), and urinary bladder (22). There appears to be substantial diversity in singlechannel conductances of these channels, with the values basically falling into two groups. Small to immediate conductance (15-50 pS in symmetric high K+) KATp channels have been identified in the cell membranes of smooth muscle cells from portal vein (13, 14, 80) , cultured coronary artery cells (120, 122, ISO), and urinary bladder (22). Large conductance KATP channels (130 pS in high K+ ) have been found in smooth muscle cells from mesenteric arteries (170), rat tail artery (49), and canine aorta (92). Furthermore, KATP channels from coronary arteries appear to exhibit at least three different conductance levels (137). At present, the significance of this heterogeneity of single-channel conductances is unclear. Possible explanations for the multiple single-channel conductances that have been observed are that they represent: 1) multiple isoforms of the channel; and 2) one channel type that exhibits multiple conductance levels that can be influenced by the experimental condition (e.g., excised patch configuration, digestive enzymes).
Single KATr channels have also been measured in the whole cell configuration using the perforated-patch approach (39). Using this technique, the single-channel properties could be measured directly in an intact cell, and the properties of the single channels could be compared with the properties of the whole cell currents.
Under this condition, the singlechannel conductance was 35 pS with 143 mM external and internal K+.
Channel Density
The density of K ATp channels in a single arterial smooth muscle cell appears to be low, in the range of 300-500 channels/cell or 1 channel/ 10 Frn2 (assuming a constant single-channel conductance). Whole cell KATP currents that were activated by lemakalim (also referred to as levcromakalim), pinacidil, or CGRP were -50-200
pA at -60 mV with 60-140 mM K+ outside (see Fig. 9 ) (33, 147, 158, 166, 184) . Dart and Standen (39) have estimated a single-channel current of 2 pA at -60 mV analysis of K ATp currents in smooth muscle cells from pulmonary artery (34) and urinary bladder (22) suggested that these cells have -300 and 425 channels, respectively, corresponding to -1 channel/ 10 km2.
Voltage Dependence
The P, of KATP channels in skeletal muscle and cardiac muscle and in other cells exhibits little voltage dependence (5, 133, 135). K ATp channels in arterial smooth muscle are not voltage dependent. The whole cell currentvoltage relationships for KATP currents activated by lemakalim or CGRP were essentially linear when the K+ concentrations were similar on both sides of the cell membrane ( Fig. 9) elevation of ATP in the pipette (internal) to 3-5 mM (Fig. 9) (22, 147, 188 (80, 81, 141) . It has also been suggested that nucleotide diphosphates have a primary role in regulating the level of KATP channel activity in portal vein (13, 14) . However, the physiological roles of changes in intracellular nucleotide diphosphate concentrations, as of other possible coregulators of K ATp channel function such as pH, are unknown.
Activity in Intact Cells
The P, of KATP channels in arterial smooth muscle is presumably quite low in the absence of activators of the channel and in the presence of physiological (millimolar) internal ATP. An estimate of activity of KATp channels in an intact cell from mesenteric arteries can be made from the perforated-patch recordings of Quayle et al. (147) . Figure 9 illustrates the inhibition of KATP currents in smooth muscle cells from rabbit mesenteric artery by elevating the ATP in the pipette that dialyzed the cell from 0.1 to 3.0 mM (0.1 mM ADP was present throughout). The ability of the neuropeptide vasodilator CGRP to activate K ATp currents is also illustrated in Fig. 9 . The mean steady-state KATP current (at -70 mV, with 60 mM external K+) was 32.8 pA in cells dialyzed with 0.1 mM ATP and 10.5 pA with 3.0 mM ATP. KATP currents measured in intact cells (i.e., with the intracellular nucleotide levels undisturbed) with the perforatedpatch technique were 3.7 PA, indicating a greater degree of channel inhibition than observed with 3.0 mM ATP (and 0.1 mM ADP). Under these conditions, the maximal mean KATP current (in the presence of the K+ channel opener pinacidil) was 163 pA. Therefore the steady-state K ATp current (3.7 PA) measured in intact cells without activators was -2% of the maximal measured current of 163 pA, suggesting a maximal P, of KATP channels in these intact cells of 0.02. Channel P, is likely to be < 0.02, since pinacidil and low ATP do not appear to increase P, to 1 (22). If a cell has 500 channels, then this would suggest that, under these experimental conditions, no more than 10 of 500 channels are open at a given moment. From these measurements, the whole cell current-voltage relationship can be determined for KATP channels in intact cells without activators. Figure  9F illustrates this relationship, which was obtained by dividing the measured current-voltage relationship of the KATP channels activated by CGRP and low ATP (from Fig. 9D , with 6 mM external K+) by the degree of activation by low ATP and CGRP (or by 22.6-fold), i.e., the KATP current in the presence of CGRP and in cells dialyzed with 0.1 mM ATP was 22.6-fold greater than the current in measured cells without CGRP, using the perforated-patch technique (see Fig. 9E ). The solid line indicates a fit to the Goldman-Hodgkin-Katz equation and is similar in shape to the single-channel currentvoltage relationship shown in Fig. 4A . This relationship suggests that whole cell KATP channel currents in an intact cell (at room temperature) between -60 and -40 mV are 0.5 and 1.2 PA, with a slope conductance of 35 pS. Consistent with this KATP channel conductance and a total membrane conductance of 100 pS (see REGULA-TION OF SMOOTH MUSCLE MEMBRANE POTENTIAL  BY K+ CHANNELS), glibenclamide depolarizes smooth muscle cells in intact mesenteric arteries by -6 mV (51, 129). These calculations, regardless of the uncertainties, suggest that KATP channels in smooth muscle operate at low P, to regulate smooth muscle membrane potential ( < 0.02 under control conditions and < 0.10 when activated by 10 nM CGRP or 10 PM pinacidil). Therefore the primary role of ATP may be to keep P, low, against which other factors (e.g., vasodilators, protein kinases A and C, ADP) can regulate channel activity.
PHARMACOLOGY OF KATP CHANNELS
Blockers KATP channels in smooth muscle are inhibited by the antidiabetic sulfonylurea drugs such as glibenclamide and tolbutamide and external Ba2+ (see Table 1 ) (5, 13, 22, 33, 39, 128, 130, 134, 147, 170, 184, and J. M. Quayle, A. D. Bonev, J. E. Brayden, and M. T. Nelson, unpublished observations) . Glibenclamide inhibits whole cell KATP currents in coronary and mesenteric arteries and in portal vein, with a half-inhibition constant between 20 and 200 nM (13, 184, and Quayle et al., unpublished observations) . Arterial relaxations to KATP channel openers such as cromakalim, pinacidil, minoxidil sulfate, and RP-49356 are half-inhibited by 72-148 nM glibenclamide ( 117). 4-Morpholinecarboximidine-Nl-adamantyl-N'-cyclohexylhydrochloride (U-37883A) also inhibits relaxations and increases in K+ efflux caused by cromakalim, pinacidil, and minoxidil sulfate (half-inhibition, 0.8 PM) (116). KATP channels are not blocked by inhibitors of Kc, channels, such as charybdotoxin and iberiotoxin, and are relatively insensitive to external TEA+ (half-block constant, 7 mM; Table 1 ) (128, 130, 170) . E x t ernal Ba2+ also blocks, in a voltagedependent manner, KATP channels in smooth muscle, with 100 PM causing half-block at -80 mV (Ref. 22; see also Ref. 151 ).
Openers
A number of antihypertensive drugs appear to act through K+ channel activation and have collectively been referred to as K+ channel openers. This class of antihypertensive drugs include compounds that have been in use for some time as antihypertensives (e.g., minoxidil sulfate and diazoxide) and newer drugs such as pinacidil, nicorandil, cromakalim, and RP-49356. Vasodilation to all of these compounds is blocked by glibenclamide (170, 183) . The actions of these vasodilators are not affected by blockers of Kc, channels (charybdotoxin, iberiotoxin, and low concentrations of TEA+; Table 1 ) (128, 130, 170, 183 147, 170, 184, and Quayle et al., unpublished observations) and cardiac muscle (5, 133) . These studies led to the proposal that K ATp channels and not Kc, channels are the targets of K+ channel openers such as diazoxide, cromakalim, and pinacidil(130,170, 183).
PHYSIOLOGICAL ROLES OF KATZ CHANNELS
KATp channels have several physiological roles. The channel is activated by a number of vasodilators, and the associated membrane hyperpolarization causes part of the resulting vasodilation in many cases. The KATP channel may also be inhibited by vasoconstrictors, which would tend to cause depolarization and constriction. The channel is involved in the metabolic regulation of blood flow; it is activated in conditions of increased blood demand, e.g., in hypoxia, either by release of vasodilators from the surrounding tissue or as a direct result of hypoxia on the vascular smooth muscle cells. Finally, the channel may be active in the resting state, because inhibition of K ATp channels can lead to increased resistance to blood flow in some vascular beds. In many cases KATP channels have been implicated through the ability of the sulfonylurea glibenclamide to reverse a particular functional effect.
Metabolic Regulation of Blood Flow
Hypoxia decreases resistance to blood flow in many vascular beds, presumably as a means of increasing blood flow to the hypoxic region. In the coronary, cerebral, renal, and skeletal muscle circulations, this hypoxic vasodilation is attenuated by glibenclamide, suggesting a role for K ATp channels in the response (9, 41, 76, 106, 108, 124, 152, 172) . Metabolic poisons (dinitrophenol and deoxyglucose) cause glibenclamidesensitive dilations of coronary arteries in intact hearts (9, 41) and in isolated coronary arteries (37). Recently, hypoxia has been shown to activate KATP currents in smooth muscle cells from porcine coronary arteries (40).
Hypoxia could activate KATP channels in smooth muscle cells of coronary arteries through a reduction in intracellular ATP. However, K ATp channels could also be activated by elevation in intracellular ADP, by intracellular acidification that may accompany hypoxia, or through some other oxygen-sensing mechanism (9,41). Hypoxia also causes the release of adenosine from cardiac myocytes. Adenosine is a potent dilator of coronary arteries and has been proposed as a metabolic vasodilator in the coronary circulation ( 19). Adenosine causes glibenclamide-sensitive hyperpolarizations of coronary arteries (42, 159) . Glibenclamide blocks part of the adenosineinduced dilations in vitro and in vivo, suggesting that adenosine can activate KATP channels in coronary artery smooth muscle cells (Table 2) (9, 41, 118) . More recently, it has been shown that adenosine activates KATP currents in single coronary artery smooth muscle cells, acting via an Al receptor (39). Activation of the KATP channel is also involved in the hypoxic vasodilation in the cerebral (152, 172), renal (107), skeletal muscle (108), cremaster muscle, and cheek pouch circulations (76). As with hypoxic coronary vasodilation, activation of KATP channels in these vascular beds may be a direct consequence of hypoxia on a smooth muscle oxygen sensor, an effect of hypoxia on smooth muscle cell metabolism, or through the release of vasodilator metabolites like adenosine from surrounding tissue.
Regulation of Basal Tone
Recent evidence supports the idea that KATP channels may play a role in the maintenance of tone in certain vascular beds such as the coronary circulation (45, 71, 161) , mesenteric arteries (51, 129>, and in arterioles in the hamster cheek pouch and cremaster muscles (when equilibrated with 0% oxygen) (76). This suggestion is based on the observations that glibenclamide depolarizes and constricts these arteries or increases resistance to blood flow in perfused vascular beds. The ability of glibenclamide to cause a significant membrane depolarization (5-9 mV) (51, 129) of mesenteric arteries is consistent with a major contribution of the KATP channel conductance to the K+ conductance, as also supported by KATP current measurements in single smooth muscle cells from mesenteric arteries (see Fig. 9F ) (147) . In contrast to the coronary and mesenteric circulations, glibenclamide (or tolbutamide) does not affect basal tone in the renal (107), cerebral (27, 28, 152, 170) , and pulmonary arteries (181). However, in these vascular beds, KATP channels may regulate tone during hypoxic conditions. For example, KATP channels are probably not involved in regulating basal tone in the pulmonary circulation, because glibenclamide has no effect on pulmonary perfusion pressure either in normoxia or moder- 
Hyperemia
Reactive hyperemia is the increased blood flow over normal values that is seen after a period of interruption of flow. Reactive hyperemia is attenuated by glibenclamide in both coronary and skeletal muscle vascular beds, suggesting a role of KATP channels in this phenomenon (35, 82, 177) . Activation of KATP channels may occur through a buildup of vasodilator metabolites during the period of occlusion.
Autoregulation
Autoregulation of blood flow is the capacity of a vascular bed to maintain flow in response to changes in perfusion pressure. Inhibition of KATP channels by glibenclamide disrupts coronary (91, 126) and cerebral (67) autoregulation.
In the cerebral circulation, this may be a consequence of the release of the vasodilator CGRP from sensory neurons in the vessel wall during a fall in perfusion pressure (67). CGRP dilates cerebral arteries by activating KATP channels (88).
Endotoxic Shock
Recent evidence suggests that excessive activation of KATP channels may contribute to the precipitous drop in blood pressure observed during endotoxic shock (100). This result can be reconciled with the observations that A Regulation of K,, Channels HY Nitric oxide elevated levels of CGRP (3, 57, 69) and elevated nitric oxide production (84) are associated with the hypotension observed during sepsis, if both CGRP and nitric oxide are acting in part through activation of KATr channels (see Fig. 1OB ). Lactic acidosis also leads to a glibenclamide-sensitive fall in blood pressure (loo), suggesting a possible role of metabolic compromise in the endotoxic shock-induced hypotension. This hypothesis remains to be rigorously examined.
Diabetes
Because KATP channels in pancreatic p-cells regulate insulin secretion (5) and diabetes is associated with blunted vasodilator responses, it is not unreasonable to speculate that altered K ATp channel activity may occur during diabetes. In support of this idea, pial arterioles of diabetic rats lose their ability to dilate to the KATP channel opener, RP-52891(110).
KATp CHANNELS AS TARGETS OF ENDOGENOUS VASODILATORS AND VASOCONSTRICTORS
A number of endogenous vasodilators act at least in part through membrane hyperpolarization caused by K+ channel activation (128, 130) . Recent evidence suggests that many of these vasodilators hyperpolarize by activating KATP channels in arterial smooth muscle (128, 130, 170) . However, it should be emphasized that these vasodilators can relax arteries through mechanisms independent of K+ channel activation. For example, glibenclamide inhibited only 57% of the relaxation of rabbit mesenteric arteries to 3 nM CGRP (129). CGRP is a 37.amino acid peptide neurotransmitter contained in sensory nerve endings, which has been implicated in the local control of blood flow including cerebral autoregulation (66,67). For example, CGRP is released from nerve endings innervating the mesenteric vasculature in response to noxious stimuli, where the resulting increase in blood flow may serve to minimize tissue damage. Table 2 CGRP has been shown to activate KATP channels [mesenteric arteries and gallbladder (147, 188) (39, 129, 147) . CGRP has been shown to act through the adenylate cyclase-CAMPprotein kinase A pathway (Fig. 1OA) (147,187) , suggesting that other endogenous vasodilators may also activate KATp channels through stimulation of protein kinase A. However, adenosine may act on KATp channels through a direct G protein pathway (39), as has been shown in cardiac myocytes (see Fig. 1OA ) (86). It has also recently been shown that atria1 natriuretic factor and isosorbide dinitrite, which dilate arteries and increase intracellular cGMP levels, activate single KATP channels in cultured aortic smooth muscle cells (93). Furthermore, nitric oxide causes glibenclamide-sensitive hyperpolarizations of rabbit mesenteric arteries (51, 123), suggesting the possibility that either elevation of cGMP or stimulation of cGMP-dependent protein kinase could activate KATP channels in smooth muscle (Fig. lOA) .
Inhibition of K ATp Channels by Vasoconstrictors
Angiotensin II, vasopressin, and endothelin inhibit KATP channels in cultured coronary artery smooth muscle cells (120, 122, 180) . Muscarinic receptor stimulation inhibited K ATp channels in smooth muscle cells in urinary bladder through stimulation of protein kinase C (23). Seroto nin, phenylephrine, and histamine also inhibit KATP currents in smooth muscle cells from mesenteric arteries through stimulation of protein kinase C ( Fig. 1OA; and A. D. B onev and M. T. Nelson, unpublished observations).
UNRESOLVED ISSUES
The molecular structure of KATP channels in smooth muscle is not known. An important feature of KATP channels in smooth muscle is regulation by a number of signal transduction pathways and by metabolism (see Fig. lOA) . Future work will focus on the mechanisms of and relationships between these modulatory pathways. The role of this channel in disease (e.g., ischemia and diabetes) will also be an emphasis of future studies.
CONCLUSIONS
Activation of K+ channels in arterial smooth muscle cells can increase blood flow and lower blood pressure through vasodilation. Inhibition of K+ channels in arterial smooth muscle leads to vasoconstriction. Four types of K+ channels (Kv, Kc,, KATP, and KiR channels) have been identified to regulate the membrane potential of arterial smooth muscle cells. Kv channels regulate membrane potential in response to depolarizing stimuli, and these channels may be involved in hypoxia-induced membrane depolarization in the pulmonary vasculature. Kc, channels in arterial smooth muscle cells respond to changes in intracellular Ca2+ to regulate membrane potential. Kca channels appear to play a fundamental role in regulating the degree of intrinsic tone of resistance arteries. These channels help regulate arterial responses to pressure and vasoconstrictors. KiR channels appear to mediate external K+-induced hyperpolarizations and dilations of resistance arteries and thus provide a mechanism for linking the metabolism of surrounding cells (e.g., neurons) to blood flow. KATP channels are targets of a number of vasodilating stimuli, including hypoxia, CGRP, and adenosine. A variety of antihypertensive drugs (e.g., minoxidil sulfate, diazoxide, lemakalim, pinacidil) act through activation of KATP channels. Pathological cond itions such as hypotension associated with septic shock may involve excessive activation of KATP channels. In this case, KATP channel inhibitors such as glibenclamide or tolbutamide may be useful in restoring normal blood pressure. All of these K+ channel types may be involved in the actions of a variety of vasodilators and vasoconstrictors, and their function may be altered in disease.
The main conclusions of this review are: 1) regulation of arterial smooth muscle membrane potential through activation or inhibition of K+ channel activity provides an important mechanism to dilate or constrict arteries; 2) Kv, Kc,, KiR, and KATp channels serve unique functions i .n the regulation of arterial smooth muscle membrane potential; and 3) K+ channels integrate a variety of vasoactive signals to dilate or constrict arteries through regulation of the membrane potential.
In summary, K+ channels in arterial smooth muscle are importan t modulators o f blood vessel diameter. Many of the functional and molecul ar aspects of the regulation of these channels in smooth muscle remain to be-investigated. 
